Abstract
Humanized mice achieved by directly implanting mature human immune cells

On the other hand, to provide the appropriate support microenvironment, for the development of human immune responses, human lymph nodes, in which all the necessary cellular components, including T cells, B cells and antigen presenting cells (APCs), were transplanted into SCID mice. In these mice, human T cells supported human immunodeficiency virus (HIV) replication
 [77, 78] 
and human B cells differentiated to plasma cells producing human IgM or IgG [1]. But interaction between human T cells and mouse xenoantigens within the mouse environments caused activation phenotypes of human T cells and graft-versus-host disease (GVHD) in this model. One of limitations of this mouse model was the low levels of human PBL engraftment [29, 70]. Analysis of antigen-specific cellular immune responses was extremely difficult. Various strategies were explored to improve the efficiency of human PBL engraftment in SCID mice, including an increasing number of transferred cells [29, 79], pre-treatment of recipient mice with low-dose irradiation [32], elimination of recipient mouse NK cells by anti-asialo-GM1 antibodies
or a combination of these [81] . All these protocols showed only marginal effects if both the function and distribution of transferred human PBLs in lymph organs of these models were considered.
Another weakness of this model was the weak primary immune response [82] [83] [84] . However, it induced substantial immune responses against recipient mouse xenoantigens, which 'skew' the human lymphoid repertoire [85] . This xeno-response mediated by human T and B cells not only caused potentially fatal GVHD [79, 84, 86] , but also severely limited the ability of human PBLs to respond to exogenous antigens [70, 87] . Thus, the application of this approach in biomedical research is currently somewhat limited. [96] . [90, 92] . In addition, the levels of human T cells in these mice are much lower compared to humanized mice that receive human foetal thymus tissue, suggesting that poor efficacy of human thymopoiesis in xenogeneic mouse thymus may exist [90, 92] . 91, 111, 112] . [111, 113] . [96] . Our recent studies also showed human CD4 + CD25
Low levels of antigen-specific human IgG productions upon immunization indicate that an inefficient class switching is present in this model
Humanized mice achieved by engrafting human thymus and HSCs
Applications of humanized mouse models in biomedical research
Humanized mice were widely employed in research on selfrenewal and multilineage differentiation capacity of human HSCs as well as human immunity to virus infection, tumour and transplantation.
Ontogeny of human HSCs and immunocell lineages
The grafts of human thymus in SCID mice, identical to physiological human thymus, efficiently supported human T cell development. Thymocytes of human thymus grafts in mice had a phenotype comparable to those of freshly isolated foetal human thymocytes, and they comprised all the T cell subsets, with normal ratios of double negative, DP and CD4 and CD8 SP thymocytes [1, 97]. The V␤ repertoire in thymocytes from grafts was comparable to those of the foetal thymus before transplantation, demonstrating generation of human T cell diversity in human thymus grafts [101]. Human T cells maturing in human thymus grafts responded to toxic shock syndrome toxin1 superantigens, EBV infection and mitogens, indicating they were functional
Interestingly, human thymic regulatory T cells (Treg cells) might also be generated via thymic development demonstrated by the expression of CD25 and Foxp3
+ Foxp3 + T cells could efficiently develop in human thymus grafts and repopulate in peripheral blood and lymphoid tissues in NOD/SCID mice (BJ Zhang and Y Zhao, unpublished data). Human B cells underwent normal class switching and matured to produce IgM, IgG and IgA in various immunodeficient mice grafted with human CD34
+ cells [13, 90, 112] . These human antigen-specific immunoglobulins were produced after immunization with a T cell-independent antigen [90] [91] [92] 112] . Human DCs in humanized mice were developmentally, phenotypically, and functionally similar to the DC subsets found in human beings [114] . Human NK cells mainly repopulated in BM and spleen, and showed cytotoxicity against K562 cells in this model [91] . [115] . Therefore, this provides a possible way to investigate the pathogenesis and effector phases of human autoimmune diseases in in vivo models. [117, 118] [124, 125] . [126] , dideoxyinosine, dideoxycytosine, nevirapine, protease inhibitors [127] , non-immunosuppressive cyclosporine derivatives, peptide inhibitors of env-CD4 interactions and 'zincfinger' inhibitors [128] . Humanized mice constructed by human thymus, liver tissues and lymph nodes were permissive for HIV replication [78] and antiviral compounds such as azidothymidine would partially suppress replication in a time-and dose-dependent manner [126] [132] . It was demonstrated that Angiotensin-converting enzyme 2 was a functional receptor for the SARS CoV [133] .
Autoimmune diseases
Human PBLs obtained from patients with organ-specific and multi-system autoimmune diseases survived in SCID mice for several months and produced IgG and autoantibodies with the same specificities found in the donor
Pemphigus vulgaris (PV) is a severe autoimmmune skin disorder induced by antibodies against desmoglein (Dsg) 3 on epidermal keratinocytes. After transferring PBLs from patients with
Virus infections
Some viruses can only infect human beings, thus, the humanized models were used to study the interactions between viruses and the human immune system, and to evaluate the efficiacy of vaccines and therapeutics for human viruses such as HIV, severe acute respiratory syndrome (SARS), porcine endogenous retrovirus (PERVs), varicella-zoster virus (VZV), Dengue virus and others. HIV infections are largely restricted to in vitro or clinical studies because of species tropism, and humanized mice have been extensively used to study HIV pathogenesis and therapy in vivo
CXCR4-tropic HIV virus infected all lymphoid organs, while CCR5-tropic HIV virus infection was largely restricted to extrathymic tissues. Both viral strains led to long-term lymphoid organ disseminated infection closely resembling HIV infection in human beings. Humanized mouse models have been developed for pre-clinical evaluation of antiviral compounds against HIV including azidothymidine
VZV appeared to cause viremia by infecting human lymphocytes [134] . Humanized mouse models were used to examine VZV pathogenesis and immunobiology in vivo [135] [136] [137] [134] .
. These experiments provided evidence in support of a critical role for T cell tropism in VZV pathogenesis. Eliminating ORF47 kinase activity impaired virus production and envelopment, which would block VZV infectivity for T cells
Dengue virus is an important mosquito-borne flavivirus and it infects human beings causing a range of illnesses from subclinical infection to acute dengue fever to the severe dengue haemorrhagic fever/dengue shock syndrome [138] [138, 139] . Also, humanized mice were used to investigate pathogenesis and therapeutics of EBV [140] , cytomegalovirus (CMV) [135] and influenza infections [141] .
Pigs may be suitable donors for human xenotransplantation. The potential transmission of PERVs to human cells was investigated in humanized mice, and some tissues were positive for
PERVs' DNA [142, 143] . However, the infection was non-productive as PERV transcripts were not detectable in those tissues [144] , and might be due to microchimerism or pseudotyping with murine viruses [145] [146] . However, it remains to be seen whether immunosuppressive therapy would facilitate retroviral infection of human cells.
. Importantly, it was shown that human cells and porcine cells could co-exist for many weeks without any evidence for infection of human cells by PERVs in NOD/SCID mice transgenic for certain porcine cytokines and transplanted by porcine BMCs, human foetal thymus and liver tissues
Immune response or tolerance to allografts or xenografts
Transplantation of allogeneic HLA-mismatched foetal pancreases in SCID mice grafted with human thymus and liver tissues or PBLs resulted in infiltration of human mononuclear cells in the pancreas and subsequent rejection [89, 147] . Human T cells were responsible for the rejection of skin transplants from allogeneic donors in SCID mice [148, 149] . Like skin grafts performed among human beings, the dermal microvessels were destroyed and the skin became necrotic [150] .
SCID mice grafted with human PBLs were established models for delayed-type hypersensitivity (DTH) [151] . Human [155] .
Humanized mouse models were used to study the immune response to xenogeneic porcine grafts in vivo [156] [157] [158] [160] . The capacity of haematopoietic chimerism to induce T cell tolerance to donor cells largely resulted from intrathymic clonal deletion of maturing donor-reactive thymocytes [161, 162] . [165] , cell-based therapies [166] , humanized antibodies [167] , traditional immunosuppressive and immunotherapeutic protocols [168] and tumour-growth inhibitors [169] [170] [171] [172] [173] [174] and cytokine-delivery strategies including the direct injection of soluble cytokines [175] , cytokine gene transfer [173, 174] and the use of slow-release polymer particles [175] . 
Anti-tumour immune response
Conclusions and perspectives
